SUMMARY To assess left ventnrcular (LV) diastolic filling at rest in patients with coronary artery disease (CAD), we analyzed high-resolution time-activity curves (10-20 msec/frame) obtained from gated radionuclide angiograms in 231 patients. Peak LV filling rate (PFR), expressed in end-diastolic volumes per second (EDV/sec), was subnormal in CAD patients (1.8 ± 0.6 [±SDJ vs normal mean of 3.3 ± 0.6, p < 0.001) and time to PFR (TPFR), measured from end-systole to PFR, was prolonged (171 i 41 msec vs normal mean of 136 ± 23 msec, p < 0.001). These indexes were also abnormal in the 141 patients with normal resting LV ejection fraction (PFR = 2.1 ± 0.5 EDV/sec; TPFR = 175 ± 36 msec) and in 123 patients without Q waves on the ECG (PFR = 2.1 ± 0.5 EDV/sec; TPFR = 168 ± 38 msec). Abnormal LV filling at rest (PFR < 2.5 EDV/sec or TPFR > 180 msec) was found in 91% of all patients with CAD, 86% of patients with normal resting LV ejection fractions, 85% of patients without Q waves, and 82% of patients with normal resting LV ejection fraction, no resting regional wall motion abnormalities and no Q waves. Thus, LV diastolic filling, evaluated noninvasively by radionuclide angiography, is abnormal in a high percentage of patients with CAD at rest independent of LV systolic function or previous myocardial infarction.
MANY PATIENTS with coronary artery disease have normal global and regional left ventricular systolic function at rest and develop abnormalities only during stress.'~' Many investigators have also observed abnormalities in diastolic distensibility of the left ventricle during stress-induced angina.4-'0 Several mechanisms of altered diastolic pressure-volume relations in the left ventricle during angina have been proposed, including incomplete or impaired relaxation,5 11, 12 altered diastolic tone,6' 13 and tension prolongation during recovery from hypoxia.'' 16 Diminished ventricular compliance has also been reported at rest in patients with coronary artery disease who had no evidence of either acute ischemia or previous myocardial infarction. 16' 1' However, the prevalence of abnormalities in left ventricular diastolic filling at rest in patients without previous infarction is unknown.
We analyzed high-temporal-resolution time-activity curves from gated equilibrium technetium-99m radionuclide cineangiograms to evaluate left ventricular diastolic filling at rest in 231 patients with coronary artery disease. Abnormalities in left ventricular diastolic filling were correlated with regional and global left ventricular systolic function, previous myocardial infarction, and the anatomic extent of coronary artery disease.
who were catheterized at other institutions before their referral to the National Heart, Lung, and Blood Institute. In this latter group of patients, a maximum of 4 months elapsed between coronary arteriography and radionuclide cineangiography. All patients had > 50% reduction in luminal diameter of at least one major coronary artery. Two hundred fourteen patients were referred because of a recent history of angina pectoris and 105 because of a history of myocardial infarction (including 93 who complained of angina). Five patients were asymptomatic and were referred because of positive treadmill exercise ECGs. Studies were performed in all 231 patients at least 48 hours after cessation of propranolol and at least 4 hours after cessation of nitroglycerin. Patients were excluded from this study if they required continuous propranolol therapy while in the hospital.
We also studied 45 normal volunteers, ages years, without evidence of cardiovascular or pulmonary disease. Cardiac catheterization was not performed, but physical examination (including blood pressure), chest x-ray, electrocardiography, and echocardiography were normal in all subjects. Echocardiography was performed within 3 days of radionuclide cineangiography. Echocardiographic measurements of the left ventricular transverse dimension at end-diastole were made at a level in the ventricular cavity just caudal to the tips of the mitral leaflets and at a point in the cardiac cycle corresponding to the peak of the R wave.
Electrocardiography
Twelve-lead ECGs were performed in all patients. ECGs were considered diagnostic of previous myocardial infarction if Q waves were 40 msec or longer. One hundred eight patients had diagnostic Q waves.
Gated Blood Pool Cardiac Scintigraphy
Radionuclide cineangiography was performed in the supine position. Before imaging, red blood cells were labeled in vivo with 15-20 mCi of technetium99m.'8 Imaging was accomplished using a conventional Anger camera equipped with a high-sensitivity parallel-hole collimater oriented in a modified left anterior oblique position to isolate the left ventricle. A computer-based procedure gated to the ECG, previously described, was used to collect and organize data into a series of images or frames (framing rate up to 100 frames/sec) spanning the average cardiac cycle, which were displayed in a rapid-sequence, endlessloop movie format." 2, 19 After left ventricular and background regions of interest were labeled, hightemporal-resolution (10-20 msec/frame) time-activity curves were generated by summing the radioactivity in the ventricle during many beats. Cardiac cycles that fell outside a physician-selected range of acceptable cardiac cycle lengths were automatically excluded from analysis to prevent distortion of the time-activity curve by extrasystoles, postextrasystolic cycles, and wide spontaneous variations in sinus cycle length.1 2 Exclusion of cardiac cycles of extremely short or long cycle length preserves the portion of the time-activity curve describing left ventricular diastolic events. Blood radioactivity is proportional to blood volume, so after background correction, the time-activity curve represents a measure of relative left ventricular volume changes with time.
After images and time-activity curves were obtained at rest, imaging was repeated in each patient during supine bicycle exercise,1 2 except for eight patients who had developed angina at rest after cessation of propranolol therapy and were considered too symptomatic to perform exercise testing. At the time of the radionuclide study, however, none of these eight patients complained of chest pain at rest. In the remaining patients, exercise studies were performed using a bicycle ergometer with a restraining harness to minimize patient motion under the camera. Exercise loads were increased in a stepwise fashion by 25 W at 2-minute intervals until the development of angina or limiting fatigue or dyspnea. In patients who developed angina, exercise continued until angina reached at least the severity typically causing the patient to stop exercising. Heart rate and blood pressure (by cuff sphygmomanometry) were monitored during exercise. Imaging was begun shortly after the onset of exercise, but only that portion of the data series that occurred during maximal exercise, encompassing the final 1.5-2 minutes of exercise, was selected for analysis.
After completion of imaging, left ventricular ejection fraction at rest and during exercise was determined by computer analysis of the time-activity curves as previously described.1 2, 20 Regional left ventricular function at rest and during exercise was determined subjectively by visual inspection of the movies and by inspection of the count-based functional stroke volume map (or "difference image"), constructed by computer subtraction of the end-systolic image from the end-diastolic image." 2, 21 A study was considered abnormal if regional wall motion abnormalities were observed during exercise. Many patients had regional abnormalities at rest as well (see Results section). In the first 140 consecutive patients, regional wall motion was interpreted by three independent observers who were unaware of the results of coronary arteriography. The three observers were in unanimous agreement about regional wall motion during exercise in 132 of 140 studies (94%). In the remaining patients, regional left ventricular function was interpreted by a single observer.
Peak left ventricular ejection rate and filling rate were then computed from the time-activity curve (10-20 msec/point).22 A computer algorithm chose a short span of points (always the larger of either five points or 100 msec) on the time-activity curve coinciding with either systolic ejection or rapid diastolic filling. The span of points was then increased from this minimum until an inflection point of the proper sign (negative-sloping second derivative for determination of filling rate) was achieved with no local maxima or minima. For resting studies, this procedure usually resulted in the inclusion of 10 or fewer points. This portion of the time-activity curve was then fitted to a third-degree polynomial function using a least-squares technique ( fig. 1 ). The fit was weighted according to the statistical fluctuations expected for each point. 22 Errors in the coefficients of the polynomial, combined with the assumed Poisson errors in the end-diastolic counts and background counts, were used to determine the errors in peak filling rate. The time of occurrence of the peak filling (or ejection) rate was determined by computing the resultant polynomial equation for the time at which the second derivative of the polynomial was equal to zero, using the R wave (peak slope of the R-to-S transition) as the onset reference for time. The value of the peak filling (or ejection) rate was then determined by computing the first derivative of the polynomial equation at time of peak filling (or ejection). Both peak ejection rate and peak filling rate were computed in left ventricular counts per second; these values were normalized for the number of left ventricular counts at end-diastole. Hence, both ejection and filling rates are subsequently expressed as end-diastolic counts (volume) per second (EDV/sec Variables used to express left ventricular diastolic filling were peak left ventricular filling rate and the time to peak filling rate (measured from end-systole to the time of peak left ventricular filling rate).28
Statistical Methods Data were analyzed by the t test, using unpaired data, by the chi-square method, and by linear regression analysis as appropriate. The data from the normal volunteers were analyzed to derive confidence limits for normal. These data were first analyzed by the analysis of variance test of Shapiro and Wilk24 to establish whether they conformed to a normal distribution. For normal distributions, confidence limits were generated from the mean and standard deviation of the data. For data that did not conform to a normal distribution, confidence limits were derived by the univariate statistical analysis system (S.A.S., Inc.).
Results

Normal Volunteers
Systolic Function
Left ventricular ejection fraction at rest for the 45 normal volunteers ranged from 45-72% (mean 55 ± 6% [+ SD]). During maximum exercise, ejection fraction increased in all subjects, to 56-90% (mean 68 i 7%). No individual had regional abnormalities of wall motion at rest or during exercise. The values of other variables of left ventricular systolic function (peak left ventricular ejection rate, time to peak ejection rate, and time to end-systole) in these subjects are listed in table 1.
Diastolic Filling
Peak left ventricular filling rate in the normal volunteers (table 1, fig. 2 ) ranged from 2.5-5.0 EDV/sec (mean 3.3 i 0.6 EDV/sec). These data did not conform to a normal distribution (p < 0.01 by the Ninety of the 231 patients with coronary artery disease had subnormal left ventricular ejection fractions at rest (less than'45%). Patients with subnormal resting ejection fractions also had diminished peak left ventricular ejection rates (mean 1.9 ± 0.5'EDV/sec vs normal 2.8 ± 0.5 EDV/sec, p < 0.001), whereas this variable was normal in the 141'patients with normal resting ejection fraction (table 1). Regional wall motion abnormalities at rest were detected in 86 of the 90 patients (96%) with subnormal resting ejection fractions, and electrocardiographic Q waves were present in 77 of the 90 patients (86%). In contrast, of 141 patients with normal resting left ventricular ejection fractions (45% or greater), resting wall motion abnormalities were observed in only 25 patients (18%), and Q waves were present in only 31 patients (22%). The differences in the prevalence of wall motion abnormalities and Q waves between patients with subnormal and those with normal resting ejection fraction were highly significant (p < 0.001).
Peak left ventricular filling rate in all 231 patients with coronary artery disease ranged from 0.5-4.1 EDV/sec (mean 1.8 ± 0.6 EDV/sec) and was significantly lower (p < 0.001) than that in the 45 normal volunteers ( fig. 2) . Peak filling rate correlated significantly with ejection fraction (r = 0.73, p < 0.001) ( fig. 4) fig. 2 ), significantly lower than the normal volunteers (p < 0.001). The highest peak filling rate in this group, observed in only one patient, was 2.5 EDV/sec, the lower limit of normal. Similarly, time to peak filling rate was higher than that of the normal volunteers (table 2, fig. 3 ). Thirtytwo patients (36%) had a time to peak filling 'rate greater than 180 msec, the upper limit of normal.
Patients with Normal Resting Ejection Fraction. Peak left ventricular filling rates in the 141 patients with normal left ventricular ejection fractions were also significantly lower (p < 0.001) than those in the normal volunteers (table 1) . Thirty-four of these patients (24%) had peak filling rates of 2.5 EDV/sec or greater ( fig. 2 ) and were considered within the normal range. However, when these 34 patients with both normal ejection fraction and normal filling rate were compared with normal volunteers with the same ejection fraction ( fig. 4 ), peak filling rates were substantially lower in the coronary disease patients than in the normal subjects. Moreover, combined analysis of both peak filling rate and time to peak filling rate further segregated the normal volunteers and the coronary disease patients with normal ejection fractions ( fig. 5 ). Because these' two variables were not directly related in these patients (r = -0. 16 figure 2 . 4, 5) . Although the abnormalities of left ventricular diastolic filling are common in patients with coronary artery disease, they are not specific for coronary artery disease and may appear in patients with valvular heart disease and hypertrophic cardiomyopathy. 26' 3' The differences between the diastolic filling characteristics of patients with coronary artery disease without prior infarction and those of normal volunteers could not be explained on the basis of any differences in age, in heart rate or in left ventricular end-diastolic size (as determined by echocardiography) between the two groups. The extent of the diastolic filling abnormalities in patients with normal systolic function and without myocardial infarction did not correlate with the level of left ventricular enddiastolic pressure, with the anatomic severity of coronary artery disease ( In the absence of quantitative left ventricular volume measurements and analysis of simultaneous diastolic pressure-volume relations, the abnormalities in left ventricular diastolic filling that we have presented cannot be attributed directly to abnormalities in left ventricular compliance. Moreover, the mechanism responsible for prolonging the time to peak filling rate cannot be determined without also determining the precise instant of mitral valve opening, which cannot be accomplished with certainty by analyzing intraventricular volume changes alone. Thus, a prolonged time to peak filling rate might involve prolongation of isovolumic relaxation, prolongation of rapid diastolic filling, or prolongation of both of these phases. In addition, in the absence of quantitative left ventricular volume estimation, the peak left ventricular filling rates (which are a measure of rapid diastolic filling) cannot be expressed as absolute volume changes, but only as changes relative to end-diastolic volume.
Despite these methodologic limitations, our data indicate that abnormalities in left ventricular diastolic filling can be detected using noninvasive radionuclide techniques and that these diastolic filling abnormalities are independent of left ventricular systolic function (table 1, figs. 2, 3) , as previously described.1'5 17 2 Our data also indicate that abnormalities in left ventricular diastolic filling at rest are common in patients with coronary artery disease, even in subgroups without previous myocardial infarction and with normal regional and global left ventricular systolic function.
